Introduction
The Rho family of G proteins, which includes Rho, Rac, and Cdc42, controls various aspects of cytoskeleThe 70 kDa S6 kinase (pp70
S6k
) plays an important role tal organization Hall, in the progression of cells from G1 to S phase of the 1995; . Recently, cell cycle (Bierer et al., 1990; Chung et al., 1992; they have also been shown to function in the regulation et al., 1990; Kuo et al., 1992) . pp70
S6k is activated by of kinase cascades. For example, Cdc42 and Rac divirtually all mitogenic stimuli, including growth factors, rectly bind to and activate a family of highly related cytokines, phorbol esters, and oncogene products. Maxserine/threonine kinases referred to as p21-activated imal activation of pp70
S6k occurs within 5-30 min of stimkinases (PAKs) (Manser et al., 1994) . Cdc42 and Rac also ulation, and in many cases pp70
S6k activity remains eleregulate the mitogen-activated protein kinase (MAPK) vated throughout G1 Ferrari and homologs Jun N-terminal kinase (JNK) and p38 (Coso Thomas, 1994 Minden et al., 1995; Bagrodia, et al., 1995) . Compelling evidence for the role of pp70 S6k in cell Furthermore, all three Rho family members regulate cycle progression comes from studies using the immutranscription of the c-fos proto-oncogene (Hill et al., nosuppressant rapamycin. Rapamycin causes G1 arrest 1995) . in T lymphocytes and other hematopoietic lineages and It has been shown that Rho family G proteins and significantly delays S phase entry in fibroblasts (Calvo PI3K reside on a common signaling pathway, and most et al., 1992; Chou and Blenis, 1995; Chung et al., 1992;  studies indicate that PI3K functions upstream of the G Kuo et al., 1992; Price et al., 1992) . Rapamycin prevents proteins. For example, wortmannin prevents both PDGFactivation of pp70
S6k by all known agonists. While pp70
S6k induced GTP loading of Rac1 and membrane ruffling, is not the direct target of rapamycin, it is likely to be a and the latter can be restored by microinjection of actiproximal effector since inactivation by the drug occurs vated Rac1 Hawkins et al., 1995 ; within minutes . Furthermore, inhibi- . Furthermore, the regulatory subunit tion is highly specific, as the kinase most closely related of PI3K, p85, binds to a GTPase-activating protein (GAP) to pp70
S6k , the 90 kDa S6 kinase (RSK), is resistant to for Cdc42 in vitro (Barfod et al., 1993) . However, other the drug . Since no other kinases, studies reveal that p85 binds to GTP-bound Cdc42 and other than the direct target of rapamycin, FK506-binding Rac1, suggesting that PI3K may be a downstream efprotein (FKBP)-rapamycin-associated protein (FRAP; fector (Tolias et al., 1995; Zheng et al., 1994) . also called TOR or RAFT), have been found to be rapidly Given the link between PI3K and Rho family G proteins inhibited by rapamycin, it is highly likely that pp70
S6k is and the documented role of PI3K in activation of pp70 S6k , a relevant mediator of rapamycin-induced G1 arrest.
we examined the role of these G proteins in the regulaMore direct support for the role of pp70
S6k in G1 to S tion of pp70
S6k . (Zhang et al, 1990; Self et al., 1993) . Analogous mutants of Rho family G Cdc42 and Rac1, but Not RhoA, Activate pp70
proteins are also deficient in downstream signaling To determine whether Rho family G proteins play a role in (Diekmann et al., 1994; Zheng et al., 1994) . Indeed, the regulation of pp70
S6k , NIH 3T3 cells were transiently mutation of the effector domain rendered Rac161L incacotransfected with hemagglutinin epitope-tagged pable of activating pp70 S6k (mutant Rac161L40K, Figure  pp70 S6k ) and the activated GTPase-deficient 1D). An effector domain mutant of Cdc42 similarly failed alleles of Cdc42, Rac1, or RhoA (Cdc42V12, Rac1V12, to stimulate S6 kinase activity (see Figure 7B ). and RhoV14, respectively) fused to glutathione S-transThe p21 ras -related G proteins are modified by isoprenferase (GST). The activity of HA-pp70 S6k was monitored ylation, which directs them to a membranous compartby immunoprecipitation with anti-HA antibody, followed ment. The isoprenoid groups are covalently attached to by in vitro kinase assays using S6 as substrate. Cotransa cysteine residue near the C-terminus of the protein.
fection of pp70
S6k with Cdc42V12 or Rac1V12 stimulated Mutation of this cysteine to serine results in aberrant S6 kinase activity in serum-starved cells to levels comlocalization. In the case of p21 ras , which is normally found parable to those induced by PDGF in control cells (Figure at the plasma membrane, this mutant remains in the 1A). Little or no further increase was obtained in recytoplasm and loses its transforming ability (Hancock sponse to PDGF, suggesting that the activated G proet al., 1990) . Ablation of the isoprenylation site reversed teins induce maximal pp70 S6k activation. A distinct actithe capacity of activated Cdc42 and Rac1 (mutant vated allele of Rac1, denoted Rac161L, also stimulated Cdc42V12-C189S, Figure 1D ; mutant Rac1V12-C189S, pp70
S6k activity under serum-starved conditions (Figure data not shown) to stimulate pp70 S6k activity in serum-1D). Similar results were obtained in Chinese hamster starved cells. These results indicate that Cdc42 and ovary (CHO) cells (data not shown). The effects of Cdc42
Rac1 must be properly localized to activate pp70 S6k . and Rac1 were specific, as coexpression of RhoA had no effect on pp70 S6k activity ( Figure 1A ). Mitogenic stimulation induces the phosphorylation of Dbl, a Guanine Nucleotide Exchange Factor multiple sites on pp70 S6k , causing a reduction in its elecfor Cdc42, Activates pp70 S6k trophoretic mobility. By immunoblot analysis, pp70
S6k
Small GTP-binding proteins are regulated by the coordican be resolved into a quadruplet of bands. Only the nate action of GAPs and GEFs. Upon appropriate stimuhyperphosphorylated band of slowest mobility is catalation, GEFs catalyze the exchange of GTP for GDP, lytically active (unpublished data). Anti-HA immunoblotleading to the activation of G proteins. The Dbl oncogene ting of whole cell extracts confirmed that Cdc42 and product is a GEF that regulates Cdc42 and RhoA in vitro Rac1, but not RhoA, stimulate the phosphorylation and Hart et al., 1994) . Cotransfection of activation of HA-pp70 S6k ( Figure 1B) . Furthermore, it veri-HA-pp70 S6k with Dbl was found to activate S6 kinase fied that the observed increase in S6 kinase activity was activity in serum-starved cells to levels comparable to not simply due to higher levels of HA-pp70 S6k expression those induced by EGF (Figure 2 ) or by PDGF (data not in the Cdc42-and Rac1-transfected samples. To exshown). As seen with cotransfection of Cdc42V12, little clude the possibility that the GST moiety of the G protein or no further activation was seen upon growth factor constructs led to artifactual activation of pp70 S6k , HAtreatment in the Dbl-transfected cells (Figure 2 ). Thus, tagged versions of Cdc42 and Rac1 were also tested, stimulation of endogenous Cdc42 via expression of a and identical results were obtained (data not shown).
GEF can also augment transfected pp70 S6k activity. To determine whether the activation of pp70
S6k by Cdc42 and Rac1 was specific, the G proteins were exDominant Negative Cdc42 and Rac1 amined for their effects on MAPK . Cotransfection with Prevent Growth Factor-Induced Rac1V12 ( Figure 1A ) or Cdc42V12 (data not shown) pp70 S6k Activation failed to activate myc epitope-tagged MAPK (mycIf Cdc42 and Rac1 mediate signaling from growth factor MAPK). This result argues against the possibility that receptors to pp70
, then dominant negative versions of Cdc42 and Rac1 activate pp70 S6k indirectly through the production of autocrine factors, since such factors these G proteins might be expected to abrogate growth S6k and the wild-type or activated alleles of Cdc42 or Rac1. Growing cells were lysed, and anti-HA immunoprecipitates were assayed for S6 kinase activity and quantitated on a phosphorimager. Data represent the average of at least three experiments. (D) NIH 3T3 were cotransfected with HA-pp70
S6k and GST-tagged Cdc42V12-C189S, myc-tagged Rac161L, or Rac161L40K. Cells were treated and assayed as above. Top, S6 kinase assay. Bottom, anti-HA immunoblot. Expression of the two Rac alleles was equivalent (data not shown). Data are representative of at least three experiments.
factor-induced pp70
S6k activation. Dominant negative Cdc42N17 and Rac1N17 had little effect on the activation of myc-MAPK (data not shown). Together, these alleles were generated through substitution of Thr at position 17 to Asn. The analogous mutation in p21 ras data provide strong evidence that Cdc42 and Rac1 play a specific and direct role in growth factor-dependent increases its affinity for GDP. This results in sequestration of GEFs, making them unavailable for activation of activation of pp70
S6k
. endogenous p21 ras and thereby blocking downstream signaling events. The N17 mutants of Cdc42 and Rac1 have similarly been shown to function as dominant negaActivation of pp70 S6k Is Independent of JNK and p38 tive molecules (Coso et al., 1995; Kozma et al., 1995; Minden et al., 1995) .
Recently, much attention has been focused on the regulation of the MAPK homologs JNK (also referred to As shown in Figure 3 , expression of Cdc42N17 or Rac1N17 blocked the majority of EGF-and PDGF-inas stress-activated protein kinase, SAPK) and p38. Whereas MAPK is activated by mitogenic stimuli such duced activation of pp70 S6k . During the course of these experiments, it was noted that Cdc42N17 and Rac1N17 as growth factors and phorbol esters, JNK and p38 are activated by agents that induce cellular stress (Cano inhibit cell growth (unpublished data; Olson et al., 1995) . To rule out the possibility that abrogation of pp70 S6k and Mahadevan, 1995; Minden et al., 1994; Raingeaud et al., 1995) . These include inflammatory cytokines such activity was an indirect consequence of this inhibition, MAPK was also monitored in cells coexpressing the as tumor necrosis factor ␣ (TNF␣) and interleukin-1 (IL-1), osmotic shock, heat shock, ultraviolet irradiation, dominant negative G proteins. As previously reported, S6k and GST fusions of Cdc42N17, Rac1N17, or pEBG. Cells were starved for 24 hr, then stimulated with PDGF or EGF. Lysates were immunoprecipitated with anti-HA antibody, then subjected to S6 kinase assays. S6 phosphorylation was quantitated and expressed as fold activation over the activity in serum-starved cells. Data represent the results of at least four experiments.
To address whether p38 might act upstream of pp70 S6k , we tested the effects of MKK3, the p38-activat- 4C). We also found that activation of p38 occurred in (B) Anti-Dbl immunoblot of transfectants described in (A).
the presence of rapamycin (data not shown), indicating (C) Quantitation of S6 phosphorylation in (A).
that pp70 S6k does not function upstream of p38. Taken together, these results strongly suggest that p38 and and inhibitors of protein synthesis. The effects of mito-JNK reside on a signaling pathway distinct from pp70 S6k . genic growth factors on JNK and p38 are less clear, with different investigators reporting either no activation Rapamycin and Wortmannin Block Activation or moderate activation (Cano and Mahadevan, 1995;  of pp70 S6k by Cdc42 and Rac1 Minden et al., 1994; Raingeaud et al., 1995) . These dispaTwo key regulators of pp70 S6k are FRAP and PI3K. FRAP rate results are most likely due to the use of distinct cell activity is absolutely required, as inhibition of FRAP by types, as well as to clonal variations within a given cell rapamycin prevents activation of pp70 S6k by all agonists. type. Recently, it has been demonstrated that in cases Thus, it was not surprising that rapamycin reduced where growth factors do activate JNK and p38, this pp70 S6k activity to below basal levels in Rac1V12-transstimulation is mediated by Cdc42 and Rac1 (Coso et fected cells ( Figures 5A-5C ). Interestingly, the PI3K inal., Minden et al., 1995; Bagrodia et al., 1995) .
hibitor wortmannin also blocked phosphorylation and The question therefore arose of whether pp70
S6k and activation of pp70 S6k by Rac1V12 ( Figures 5A-5C ). Identi-JNK/p38 lie on a common signaling pathway. To explore cal results were obtained with Rac1V12 in the absence this issue, we measured the activity of the three enzymes of PDGF and with Cdc42V12 (data not shown). These in response to PDGF and EGF in NIH 3T3 cells. While data suggest that either PI3K functions downstream of both growth factors induced the rapid activation of the G proteins or that it generates a parallel signal repp70 The above results indicate that a PI3K-dependent signal sorbitol failed to activate pp70
S6k and even consistently is required for Cdc42/Rac1-mediated activation of inhibited its activity to below basal levels (Figure 4) . In pp70 S6k . Previous studies have shown that Cdc42 can contrast with JNK, p38 was activated by EGF and PDGF, bind to the p85 regulatory subunit of PI3K in a GTPalbeit to a much lesser degree than by sorbitol (2.0-to 2.5-fold versus 12-to 13-fold, Figures 4A and 4B) .
dependent manner, and one group further suggested (A) NIH 3T3 cells were starved for 24 hr, then stimulated with EGF, PDGF, or sorbitol (400 mM) for 10 min and 30 min. Lysates were prepared and immunoprecipitated with antipp70 S6k , anti-JNK, or anti-p38 antiserum. Immunocomplexes were subject to in vitro kinase assays using S6, GST-c-Jun, or GST-ATF2 as substrate, respectively. (B) Quantitation of S6, GST-c-Jun, and GST-ATF2 phosphorylation in (A). (C) FLAG-tagged p38 (left) or HA-pp70 S6k (right) was cotransfected with pEBG or FLAG-MKK3A into NIH 3T3 cells. Cells were starved, then stimulated for 30 min with sorbitol (S) (for FLAG-p38 transfectants) or EGF (E)/PDGF (P) (for HA-pp70
S6k transfectants). Kinase assays were performed on p38 using GST-ATF2 as substrate or on pp70
S6k using S6 (top). Bottom, anti-FLAG immmunoblots demonstrating MKK3A expression. Expression of FLAG-p38 was comparable in all samples as was HA-pp70 S6k , (data not shown).
that this results in a weak activation of PI3K in vitro and p120 ACK , serine/threonine and tyrosine kinases, re- . However, others have been unable spectively, which directly bind to and are activated by to obtain any stimulation of PI3K activity (L. C. Cantley, Cdc42/Rac1 (Manser et al., 1993; 1994) . To understand personal communication). Furthermore, there is no pubthe mechanism of pp70 S6k activation, we tested whether lished evidence that Cdc42 activates PI3K in vivo.
any of the Rho family members could form a complex The serine/threonine kinase Akt was recently identiwith pp70
. GST fusions of Cdc42, Rac1, and RhoA fied as a downstream target of PI3K (Franke et al., 1995;  were expressed in Escherichia coli and purified over Burgering and Coffer, 1995) . If Cdc42 were activating a glutathione agarose affinity column ( Figure 6A ). The PI3K in vivo, one would expect that cotransfection with recombinant proteins were loaded with GTP␥S (a nonhyCdc42V12 would result in activation of Akt. However, drolyzable analog of GTP) or GDP, then incubated with there was no difference in Akt activity from serum-NIH 3T3 cell extracts. The complexes were washed to starved Cdc42V12-transfected cells compared with remove nonassociated proteins and subjected to immucontrol samples ( Figures 5D and 5E ). These results noblotting with anti-pp70 S6k antibodies. pp70 S6k was strongly suggest that Cdc42V12 does not activate found to associate most avidly with Cdc42, and complex pp70 S6k through the activation of PI3K. Furthermore, they formation was enhanced in the presence of GTP␥S comindicate that the basal activity of PI3K (and hence of pared with GDP ( Figure 6B ). GST-Rac1 also associated PI3K-dependent pp70
S6k activating kinases) in serumwith pp70 S6k in a GTP-dependent fashion, albeit to a starved cells is necessary and sufficient to effect pp70 S6k binding was observed in cells expressing GST-Cdc42, in a GTP␥S-dependent manner (see Figure 6C) . Binding was increased when cells were cotransfected with pp70
S6k , again only in the presence of GTP␥S. Confirming the results in Figure 6B , interaction of Cdc42 was restricted to the hypophosphorylated inactive forms of pp70
. Anti-GST blots confirmed that expression of GST-Cdc42 was comparable in all samples (see Figure 6C ). It is striking that despite vast dilution of cellular contents during lysis, pp70
S6k and Cdc42 were able to reassociate when GTP␥S was added. Using this experimental approach, a low level of background binding of pp70
S6k was observed in COS cells transfected with the control GST-expressing vector. However, this nonspecific association was GTP␥S independent.
Cdc42 and pp70 S6k Form a GTP-Dependent Complex In Vivo That Is Resistant to Wortmannin and Rapamycin
We tested the ability of pp70
S6k and Cdc42 to form a complex in vivo. As a control, we expressed a distinct tagged version of Cdc42 and performed the reciprocal immunoprecipitation/immunoblot as shown in Figure  6C . COS cells were transfected with either HA-Cdc- Such studies have shown that both drugs appear to prevent the phosphorylation of a subset of the mitogeninduced sites (Weng et al., 1995; Han et al., 1995;  Pearspecifically interacted with the active GTP-bound form son et al., 1995) . We found that neither wortmannin nor of Cdc42 in vivo ( Figure 7A) . rapamycin had an effect on the association of pp70
S6k
As mentioned above, pp70 S6k appears as a quadruplet with Cdc42V12 ( Figure 7A ). Thus, it appears that the of bands, only the highest of which is catalytically active. phosphorylated residues targeted by wortmannin and Strikingly, the G proteins associated solely with the rapamycin are not required for this interaction. hypophosphorylated catalytically inactive isoforms of pp70
. That Cdc42-bound pp70
S6k was devoid of activity was confirmed in kinase assays performed in parallel An Effector Domain Mutant of Cdc42 Is Deficient Both in Binding and Activating pp70
(data not shown).
Binding of pp70 S6k to Cdc42 was also examined using As mentioned above, mutations in the effector domain of G proteins compromise their ability to interact with proteins expressed solely in mammalian cells. COS cells S6k Isoforms in a GTP-Dependent Manner In Vitro (A) GST fusions of Cdc42, Rac1, and RhoA were purified from E. coli over a glutathione affinity column. Proteins were eluted, fractionated by SDS-PAGE, and Coomassie stained. (B) Extracts were prepared from NIH 3T3 cells that were starved for 24 hr or stimulated with 20% serum for 30 min. GST fusion proteins were loaded with the indicated guanine nucleotide, added to cell extracts, then immobilized on glutathione agarose beads. Nonassociated proteins were washed away, and complexes were fractionated by SDS-PAGE and immunoblotted with anti-pp70
S6k antiserum. Lanes labeled with asterisk are whole cell lysates of growing cells and are shown to clarify the relative position of the quadruplet of pp70
S6k bands. (C) COS cells were transfected with control vector or GST-Cdc42, either in the presence or absence of pp70 S6k (not epitope-tagged). Lysates were prepared, then either supplemented with GTP␥S or not. GST-Cdc42 was immobilized on glutathione agarose beads, and complexes were washed, fractionated by SDS-PAGE, then immunoblotted with antipp70 S6k (top) or anti-GST (bottom) antibodies.
targets and thereby block their biological activity. We by the expression of the nucleotide exchange factor Dbl also stimulated pp70 S6k . Using dominant negative generated an effector domain mutant of Cdc42 (Cdc-42V12A35) that no longer associates with pp70
S6k in vivo versions of Cdc42 and Rac1, we have shown that these proteins mediate activation of pp70 S6k by PDGF and EGF. (Figure 7A ). This mutant concomitantly lost the ability to activate pp70 S6k in serum-starved cells ( Figure 7B ). In addition, we provide evidence as to how these G proteins function by demonstrating that Cdc42 and These results demonstrate a correlation between the ability of Cdc42 to form a complex with pp70
S6k and the Rac1 associate with pp70 S6k in a GTP-dependent manner. While other kinases such as p65 PAK , JNK, and p38 ability to activate it.
We have attempted to demonstrate growth factorhave been shown to be regulated by Cdc42/Rac, none of these has a proven role in cell growth. Thus, our inducible coprecipitation of wild-type Cdc42/Rac1 and pp70
S6k , but with no success. This is most likely due to studies identify a serine/threonine kinase with a demonstrated role in cell proliferation that is regulated by Rho the high basal GTPase activity of these G proteins and to the transient nature of the interaction. family G proteins. Recently, it has been shown that Rac1 activity is required for transformation of rat fibroblasts Given that Cdc42 and Rac1 selectively associate with inactive pp70
S6k isoforms and that overexpression of by oncogenic p21 ras (Qiu et al., 1995) , emphasizing the importance of this pathway in growth control. these G proteins leads to pp70
S6k activation in vivo, we tested whether complex formation directly activates Our data are consistent with a model in which multiple signals emanate from PI3K to effect pp70 S6k activation pp70 S6k . Incubation of GTP-or GTP␥S-loaded Rac1 or in response to growth factors (Figure 8) . One of these Cdc42 with pp70
S6k had no effect on its ability to phosleads to activation of Rac1 (Hawkins et al., 1995) and phorylate S6 (data not shown). This distinguishes possibly to activation of Cdc42 (although this has not pp70
S6k from p65 PAK and suggests a distinct mechanism been demonstrated formally). GTP-loading of Cdc42/ of activation that is reminiscent of the regulation of Raf Rac1 induces its association with basally phosphoryby p21 ras .
lated catalytically inactive pp70
. This interaction is insufficient to activate pp70 S6k but may facilitate its recDiscussion ognition by upstream pp70 S6k activating kinase(s), which We have identified the pp70 S6k signaling cascade as a are also regulated by PI3K, or alternatively phospholinovel pathway regulated by the Rho family of G proteins.
pase C␥ (PLC␥) . This model is remiExpression of activated alleles of Cdc42 and Rac1 was niscent of the regulation of Raf by p21 ras , in which intersufficient to activate pp70 S6k in transiently transected action is GTP dependent but does not directly activate NIH 3T3 and BHK cells. Activation required both the the kinase (Zhang et al., 1993) (Nakanishi et al., 1993; Toker et al., 1994) . Another candidate is Akt, a PKCwith Cdc42/Rac1 may be a rate-limiting event in this process, since the V12 alleles stimulated pp70
S6k activity related proto-oncogene, which is also regulated by PI3K (Burgering and Coffer, 1995; Franke et al., 1995) . In fact, under serum-starved conditions to levels induced by growth factors. They also indicate that the basal activity coexpression with constitutively activated Akt has been shown to stimulate pp70 S6k activity in vivo (Burgering of PI3K (and of the pp70 S6k activating kinase) in these cells is sufficient to activate pp70 S6k .
and Coffer, 1995) . However, it remains to be determined whether any of these kinases directly phosphorylates We have tried to determine whether this interaction is direct using purified pp70
S6k and GST-G proteins. and activates pp70 S6k . Activation of JNK by Cdc42 and Rac appears to be While we do observe GTP-dependent association of Cdc42 and Rac1 that is specific for the catalytically independent of the ability of these G proteins to regulate the cytoskeleton, since treatment of cells with cytochainactive forms of pp70 S6k , the stoichiometry of binding is low (data not shown). Therefore, it is possible that lasin D (which prevents actin polymerization) does not affect the ability of Cdc42/Rac1 to activate JNK (Coso additional cellular factors may stabilize this interaction in vivo. In contrast with PAK, pp70 S6k does not contain et al., 1995) . We have also observed that cytochalasin D does not prevent activation of pp70 S6k by Cdc42V12, a p21-binding domain (PBD), the consensus motif that mediates interaction with Cdc42 and Rac. The p85 subRac1V12, or growth factors (unpublished data). Furthermore, treatment of cells with rapamycin has no effect on unit of PI3K also lacks a PBD, and it therefore appears that there may be two classes of Cdc42/Rac targets: membrane ruffling or stress fiber formation (unpublished data). Together, these results support the notion that those that possess a PBD and those that do not. GST fusion proteins were purified and eluted from glutathione agaon the pp70 S6k signaling pathway that have pivotal roles rose beads as described previously . Proteins were loaded with GTP␥S or GDP as follows: 2 g of G protein were in growth control and oncogenesis. As mentioned, Rac incubated in 10 mM Tris (pH 7.5), 50 mM NaCl, 1 mM EDTA, 1 mM function is required for p21 ras -induced transformation.
DTT, and 80 M guanine nucleotide (total volume 30 l) for 10 min
In addition, the GEF Dbl is an oncogene, originally identiat 30ЊC. MgCl2 was added to 5 mM, and half of this mixture was fied for its effects in lymphoid cells (Eva and Hartley, 1988) . PI3K is a key mediator of mitogenesis in times in lysis buffer (Blenis et al., 1991) . Glutathione agarose comresponse to oncogenes and growth factors. And, finally, plexes, as well as 25 l of whole cell extract, were fractionated by SDS-PAGE, transferred to nitrocellulose membranes, and probed FRAP possesses a crucial evolutionarily conserved role with anti-pp70 S6k antiserum. For Figure 6C , cells were lysed in 20 in G1 progression. Together, this suggests the impormM Tris (pH 7.2), 2 mM MgCl2, 50 mM ␤-glycerophosphate, 1 mM tance of this pathway in the control of cellular prolifervanadate, 1 mM EGTA, 0.5% Nonidet P-40, 0.1% Brij-35, 1 mM DTT, then either supplemented with 1 M GTP␥S or not. GST-Cdc42 or ation.
GST was immobilized on glutathione agarose beads for 2 hr, washed three times in the same buffer, and probed for the presence of Experimental Procedures associated pp70 S6k . For Figure 7 , COS cells were transfected with the indicated G protein and lysed in the above buffer lacking EGTA Cell Culture and Transfections and containing 150 mM NaCl. Lysates were incubated with anti-NIH 3T3 cells were maintained in Dulbecco's modified medium pp70 S6k or preimmune serum (cross-linked to protein A Sepharose (DMEM) containing 10% calf serum, BHK in DMEM containing 5% with dimethylpimelimidate) for 45 min at 4ЊC and washed three times calf serum, and COS cells in DMEM containing 10% fetal calf serum in the same buffer. Blots were probed with anti-HA antibody. (FCS). Cells were starved in DMEM containing 0.5% FCS for 24 hr. All stimulations with PDGF (GIBCO BRL) were for 30 min and with Acknowledgments EGF for 10 min, unless otherwise noted. NIH 3T3 cells were transfected via the calcium phosphate method with 1 g HA-pp70
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